The human pathogenic fungus Cryptococcus neoformans has a distinctive polysaccharide (PS) capsule that enlarges during infection. The capsule is essential for virulence, but the mechanism for capsular growth is unknown. In the present study, we used dynamic light scattering (LS) analysis of capsular PS and optical tweezers (OT) to explore the architecture of the capsule. Analysis of capsular PS from cells with small and large capsules by dynamic LS revealed a linear correlation between PS effective diameter and microscopic capsular diameter. This result implied that capsule growth was achieved by the addition of molecules with larger effective diameter, such that some molecules can span the entire diameter of the capsule. Measurement of polystyrene bead penetration of C. neoformans capsules by using OT techniques revealed that the outer regions were penetrable, but not the inner regions. Our results provide a mechanism for capsular enlargement based on the axial lengthening of PS molecules and suggest a model for the architecture of a eukaryotic microbial capsule.
Fig. 1. Multimodal size distribution analysis of PS fractions; exo-PS (A) and capsular-PS (B) obtained from strain 24067 (serotype D)
. The x axis represents size distribution by particle diameter; y axis corresponds to the values of percentage intensity weighted sizes obtained from the NNLS algorithm (27) .
out with GXM, our information about C. neoformans capsular PS originates largely from studies of exo-PS components released from cells and recovered from culture supernatants. However, recent physical studies have shown significant differences between capsular PS and exo-PS, suggesting that these pools represent 2 different biosynthetic products (15) . We applied dynamic light scattering (LS) to analyze the dimensions of PS molecules and optical tweezers (OT) to probe the strength of the capsule as a function of radius, and propose a model for capsule growth determined by molecular diameter.
Results
Effective Diameter and Polydispersity of Exo-and Capsular-PS. C. neoformans sheds large amounts of PS into culture media and infected tissues. To gain additional insight into the structural relationship between exo-PS and capsular PS, we determined average effective diameters and size distributions of PS from different samples by using quasy-elastic (QE)LS. Although both PS forms comprised PS of various diameters, capsular-PS had a significantly higher effective diameter than exo-PS [see Fig. 1 and supporting information (SI) Table S1 ]. The polydispersity of PS preparations was highest for exo-PS, suggesting that this material is more heterogeneous than capsular PS (Table S1 ).
Multimodal Size Distribution Analysis of Capsular-PS from 5 Cryptococcal Strains. Five strains were grown in noninducing and capsule-inducing conditions. PS was extracted and analyzed by QELS. For each strain, the capsular PS consisted of 2 populations, and induction of capsule size was associated with an increase in PS effective diameter (see Fig. 2 and Table S2 ). A plot of average capsule diameter obtained from India ink measurements versus the diameter of PS fragments revealed a linear correlation close to unity (R 2 ϭ 0.9297; P ϭ 0.0386) (Fig. 3) . PS polydispersity values showed a broad range indicating significant heterogeneity for PS molecules in the samples.
Analysis of PS Fragments in Capsule Growth.
Given that the correlation of effective diameter with capsular diameter implied a linear relationship, we sought to obtain additional evidence by analyzing the size of PS molecules during capsule growth as a function of time. A culture of C. neoformans was incubated for 120 h in conditions that promoted capsular enlargement. Every 24 h, an aliquot of cells was removed from the culture, and the capsular PS was extracted by DMSO, dialyzed against water, and then analyzed by QELS and multimodal size distribution anal- ysis. PSs from the cultures at time 0 showed 2 different size populations (50-200 and 500-1,200 nm) with the highest values at 150 and 658 nm, respectively. Two different populations in PS size were present at each time with the larger population progressively increasing in size over the time evaluated (Fig. 4 and Table S3 ), consistent with capsular enlargement occurring by the addition of molecules with greater diameter to the capsule.
Model of capsule architecture. By using the results of this study, prior contributions from several laboratories (4, 11, (16) (17) (18) , and recent findings on the role of divalent cations on capsule structure (14) , we propose a model for the architecture of the capsule (Fig. 5) . Given that the most prevalent PS molecules are approximately of the same effective diameter as the capsule microscopic diameter, we propose that long molecules span the diameter of the capsule and serve as scaffolds for smaller molecules. Because the density of the capsule is greatest in the inner regions of the capsule (16, 19, 20) , we propose that it is assembled by noncovalent binding of the smaller molecules to the larger molecules through interactions that include divalent cation bridges (Fig. 5 ). In this model, the small population of fibrils with effective diameters that exceed the capsule diameter measured with India Ink protrudes outside the India ink exclusion zone, and may be responsible for the fuzzy capsular edge apparent in India ink preparations. Hence, we propose that the architecture of the C. neoformans capsule consists of at least 3 zones that are defined by their relative PS density. Zone I is densest, closest to the cell body, and composed of a tight network of PS molecules. Zone II is an intermediate density zone that has sufficient mass to exclude India ink particles; however, it retains considerable permeability to macromolecules such as dextrans (16) . Zone III has the lowest density and cannot exclude India ink particles; however, its presence can be gleaned by the fuzzy edges of some capsules.
Model Testing by Bead Penetration. The model proposed takes into account the observation that the C. neoformans capsule PS fibril density varies as a function of radial position (16) . To obtain more experimental support for this model we studied the penetration of the PS capsule of C. neoformans by polystyrene beads by using OT. We captured a polystyrene sphere (a ϭ 1.52 Ϯ 0.02 m) with the OT and pressed it against the capsule with a force of Ϸ400 pN (21) for 1 min to press the sphere to the fungus capsule. The results show that when the PS capsule is small, as happens in the early stages of growth, the beads can be pushed very closely to the cell wall (Fig. 6A ). However, beads were not able to penetrate the inner portions of large capsules due to its high density ( Fig. 6 B and C) . These findings led us to define the zone I length by the distance between the cell wall and the bead (Fig. 6D) . As the capsular enlarged, zone I also increased with time in agreement with the proposed model for capsular growth (Fig. 6E) .
Discussion
Many types of pathogenic microbes have PS capsules that are essential for virulence. Despite their importance in microbial pathogenesis, capsules remain poorly understood. In comparison with the cell wall, capsular structures are fragile and easily disrupted by drying or radiation (20) , making difficult the study of their physical properties. Cryptococcal capsular enlargement results in cells with diameter up to 50 m that cannot be ingested by phagocytic cells (1) . The capsule can enlarge by apical growth, but the mechanism responsible for spherical growth is unknown (7, 22) . In this study we investigated the dimensions of capsular PS molecules in solution by dynamic LS to investigate the relationship between capsular diameter and molecular size.
Our study revealed that capsular PS molecules from diverse strains existed in 2 populations that differed in their effective diameter. Effective (or average) diameter is calculated from the LS data as the diameter of a theoretical molecule that has the same diffusion coefficient of the molecule being analyzed (23) , and for a molecule like a PS, it is a measure of its hydrodynamic dimensions in solution. The most prevalent capsular PS effective diameters measured closely matched, or exceeded, the capsular diameter measured by India ink. This result implies that some PS molecules can span the entire length of the capsule. We also note that a small population of PS molecules was Ϸ7 m in most of the strains studied, which is larger than the capsular diameter measured with India ink, suggesting extension of the capsule past the region of India ink exclusion.
Previously, we had suggested that a single molecule could not span the diameter of the capsule from studies of shed PS on the basis of radius of gyration (Rg) measurements from Zimm plots (13) . However, that conclusion was based on studies of the PS released into the medium, which is significantly smaller than the capsular PS mass and effective diameter (15) . Also, those measurements represented the average of all molecules in solution, and given the presence of discrete populations of different diameter described here, such averages would tend to significantly underestimate molecular dimensions.
Plots of effective diameter of capsular PS measured by QELS versus microscopic capsule size measurements revealed a linear correlation, strongly suggesting that capsule size is directly determined by PS molecule axial length. This observation is consistent with a recent study of shed exo-PS by gel electrophoresis, which suggested that capsule size is regulated at the polymer level (11) , with the caveat that our study used capsular PS, which is considerably different from exo-PS (15) . LS techniques also revealed the presence of PS molecules with smaller effective diameter that are presumably constituents of the capsule. To more firmly establish a relationship between PS effective diameter and capsule enlargement, we measured the distribution of fragments as a function of time for cells placed in capsular enlargement medium. Capsule enlargement was associated with an increase in PS effective diameter, resulting in the replacement of the shorter molecules with much longer molecules that closely approximated the capsule. A model of capsule growth whereby longer molecules are added to the capsule, and the older PS is retained near the cell wall would be consistent with our prior observation of capsular enlargement by apical growth (7) .
PS molecules in all preparations existed in relatively narrow effective diameter populations. Size homogeneity implies tight control in the length polymerization of PS molecules, suggesting the existence of synthetic mechanisms that yield relatively uniform populations with discrete lengths. Consistent with the notion of different synthetic pathways for capsular PS and exo-PS, the latter accumulate in culture in late stationary phase without a significant reduction in capsule size. The finding that exo-PSs are different from capsular PSs may explain the inability to experimentally regenerate a normal capsule in acapsular mutants by the addition of exo-PS despite the fact that soluble PS does bind to the surface of acapsular strains (24) .
The application of QELS and molecular tweezers represents a previously undescribed approach to decipher the architecture of microbial PS capsules. Our findings support a model for the architecture of a microbial capsule whereby molecular length defines microscopic capsular diameter. However, the same findings pose several scientific questions that remain unstudied, including the identification of the mechanisms responsible for the relatively homogenous enlargement of PS molecules and the assembly of such large molecules into a spherical capsule. The C. neoformans capsule remains an enigmatic structure, but we are We provide a schematic representation that incorporates several observations made in this study and in recent reports from various laboratories, including ours (14, 16, 19, 28) . GXM fibers are attached to cell wall glucans through noncovalent interactions (12, 28) . To account for the observation that capsular PS density decreases as a function of radial distance (16, 19) , we propose that the 2 major populations of GXM molecules such that the larger ones span the length of the India ink visible capsule and serve as a scaffold for the attachment of smaller fibrils. GXM-GXM interactions are thought to be mediated by the formation of divalent cation bridges (14) . A small population of very large fibrils serves to extend the effective diameter of the capsule past the zone of India ink exclusion. Although the diagram shows GXM-GXM interactions limited to the inner layer only, we surmise that this interaction can occur throughout the capsule diameter with the caveat that they are more frequent in the inner layers of the capsule where they account for the higher density of those regions. Also, we have drawn the PS fibrils as linear molecules for simplicity, fully aware of the important caveat that scanning electron microscopy reveals that such molecules are tangled with apparent branching (13) , and that such molecules have significant secondary structure (25) . (B) Scanning electron microscopic image of a C. neoformans cell where zones I and II of the capsule are apparent by the density of fibrils. (C) C. neoformans cell suspended in India Ink. According to the model proposed in A, zone II ends at the exclusion boundary of India Ink particles. There is a fuzzy edge to the capsule, which we represent as occurring within zone III.
hopeful that its secrets will continue to yield to studies that combine approaches from multiple disciplines.
Experimental Procedures
C. neoformans Cultures. The C. neoformans strains (ATCC 24067, H99, and B3501) and Cryptococcus gattii (NIH191 and NIH198) were grown in a minimal medium composed of glucose (15 mM), MgSO 4 (10 mM), KH2PO4 (29.4 mM), glycine (13 mM), and thiamine-HCl (3 M); pH 5.5. Fungal cells were cultivated for 7 days at 30°C. To induce capsule growth, the cells were transferred to PBS buffer with 10% FBS.
Isolation of Exo-PS from Culture Supernatants by Filtration. PS from 24067 cells was isolated by filtration and ultrafiltration, as described recently (14) . Briefly, C. neoformans cells were separated from culture supernatants by centrifugation, and the resulting supernatant was concentrated Ϸ20-fold by using an Amicon (Millipore) ultrafiltration cell (cutoff, 100 kDa; total capacity of 200 mL) with stirring and Biomax polyethersulfone ultrafiltration discs (76 mm Millipore). After formation of a viscous film over the filtering disk, the fluid phase was discarded, and the remaining jellified material was recovered with a cell scrapper. The final PS solution was lyophilized and the dry PS mass determined.
Release of Capsular Components by Dimethyl Sulfoxide. Capsular PS was isolated as described (20) . Yeast cells from all of the strains studied were washed 3 times in water. The cells were suspended in 15 mL of DMSO and incubated for 30 min. This process was repeated twice and the PS-containing fractions were combined. Cells were removed by centrifugation and the supernatant was then dialyzed against water for 12 h, with replacements by fresh water after 2-h intervals. The PS fractions were again dialyzed against water for 3 days.
PS Particle Sizes.
The effective diameter and the polydispersity of PS preparations were measured by QELS in a 90Plus/BI-MAS Multi Angle Particle Sizing analyzer (Brookhaven Instruments). PS solutions were prepared as described above. The fluctuating signal, originating from the random motion of particles in a liquid phase and the associated alterations in the intensity of the scattered light over time, were processed by the autocorrelation function C(t), C(t) ϭ Ae 2⌫t ϩ B. In this equation, t is the time delay, A is an optical constant determined by the instrument design, and ⌫ is related to the relaxation of the fluctuations by ⌫ ϭ Dq 2 . The value of q is calculated from the scattering angle , the wavelength of the laser light 0, and the index of refraction n of the suspended liquid, according to the equation q ϭ (2n/ 0)2Sin(/2). Particle size is related to the translational diffusion coefficient (D) as a function of molecular shape. Given scanning transmission micrographs showing PS molecules with and disordered branching pattern (13) and the observation that PS can have the same mass yet differ in Rg consistent with branching and/or significant secondary structure (25), we used the equation D ϭ (K BT)/(3(t)d) for a branched polymer form, where K B is Boltzmann's constant (1.38054 ϫ 10 Ϫ16 erg/K), T is the temperature in K (30°C), (t) is the viscosity of the liquid in which the particles are moving, and d is the particle diameter. Polydispersity was defined as equal 2/⌫ 2 , where 2 is proportional to the variance of the intensity weighted distribution. The multimodal distributions of particle size diameter were generated by a nonnegatively constrained least squares algorithm (NNLS) based on the intensity of light scattered by each particle. For correlating the effective diameter of PS molecules with microscopic capsule diameter, we used QELS measurements with a cutoff of 80%, which represents the most prevalent PS population. All PS samples were analyzed under the same conditions. Study of the Penetration of the Capsular PS by OT. OT, or optical trap, allow capture of small dielectric particles with diameters between Ϸ1 and 10 m (26) to exert forces in the range of Ϸ1 to 500 pN (1 pN ϭ 10 Ϫ 12N) (21) . This property makes the OT a suitable instrument to measure events in a single cell experiment. The OT is a force sensor in the cellular force scale. The OT used in this work (21) is constructed by using an infra-red Nd:YAG laser with wavelength of 1.064 m (Quantronix), a Gaussian intensity profile (TEM00 mode), and maximum power of 3 W. The laser beam intensity profile has a half-width of 2.3 Ϯ 0.2 mm at the back focal plane of the objective lens as described (see ref. 21) . The optical trap is constructed in an inverted Nikon Eclipse TE300 microscope, equipped with a PLAN APO 60 ϫ 1.4 NA DIC H Nikon objective that is used to create the optical trap. Glass bottom dishes containing monoclonal antibody to GXM 18B7-coated glass coverslips were incubated with H99 C. neoformans cells in PBS for 1 h at room temperature. Then, polystyrene beads were added to the plate. To study the penetration of the bead into the PS capsule of C. neoformans, a polystyrene sphere (a ϭ 1.52 Ϯ 0.02 m) was captured with the OT and then pressed against the capsule for 1 min to attach the sphere to the fungus capsule. The procedure was repeated 20 times for each time point (from day 0 to 7). Images were collected by a Hammamatsu C2400 CCD camera attached to the microscope. Measurements of bead penetration and intermediate zone length were done in ImageJ 1.39u software (NIH). Averages and SD were calculated. Immunofluorescence was done by using 1 ϫ 10 6 cells per mL. Cells were washed in PBS and blocked with PBS plus 1% BSA for 1 h at 37°C. Then, they were incubated with 2 g/mL anticapsular monoclonal antibody 18B7 for 1 h at 37°C. After washing the excess of antibody with PBS, 10 g/mL FITC-labeled IgG to murine Ig was added and incubated for another 1 h at 37°C. Cells were washed with PBS and added to a plastic plate containing 18B7-coated glass coverslip. After 1-h incubation at room temperature, uncoated polystyrene beads were added to the plate. The plate was then placed in the microscope and an optical trap laser was used, as described before, to grab the beads in solution and place them in contact with the capsule. Images were taken in an inverted microscope (Eclipse TE300 Nikon) equipped with Plan APO 100 ϫ 1.4 NA DIC H. Fluorescence images were taken by a Cool Snap Pro Color Roper Scientific CCD camera that digitizes them directly to the computer, and were captured employing ImagePro Plus (Media Cybernetics). Image analysis was performed with ImageJ (http:// rsb.info.nih.gov/ij), and data analysis with Kaleidagraph (Synergy Software).
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